JVI

Journals.ASM.org

Encapsidation of Host RNAs by Cucumber Necrosis Virus Coat
Protein during both Agroinfiltration and Infection

Kankana Ghoshal,? Jane Theilmann,® Ron Reade,” Ajay Maghodia,” D’Ann Rochon®®

University of British Columbia, Faculty of Land and Food Systems, Vancouver, British Columbia, Canada®; Agriculture and Agri-Food Canada, Pacific Agri-Food Research
Centre, Summerland, British Columbia, Canada®

ABSTRACT

Next-generation sequence analysis of virus-like particles (VLPs) produced during agroinfiltration of cucumber necrosis virus
(CNV) coat protein (CP) and of authentic CNV virions was conducted to assess if host RNAs can be encapsidated by CNV CP.
VLPs containing host RNAs were found to be produced during agroinfiltration, accumulating to approximately 1/60 the level
that CNV virions accumulated during infection. VLPs contained a variety of host RNA species, including the major rRNAs as
well as cytoplasmic, chloroplast, and mitochondrial mRNAs. The most predominant host RNA species encapsidated in VLPs
were chloroplast encoded, consistent with the efficient targeting of CNV CP to chloroplasts during agroinfiltration. Interest-
ingly, droplet digital PCR analysis showed that the CNV CP mRNA expressed during agroinfiltration was the most efficiently
encapsidated mRNA, suggesting that the CNV CP open reading frame may contain a high-affinity site or sites for CP binding and
thus contribute to the specificity of CNV RNA encapsidation. Approximately 0.09% to 0.7% of the RNA derived from authentic
CNYV virions contained host RNA, with chloroplast RNA again being the most prominent species. This is consistent with our
previous finding that a small proportion of CNV CP enters chloroplasts during the infection process and highlights the possibil-
ity that chloroplast targeting is a significant aspect of CNV infection. Remarkably, 6 to 8 of the top 10 most efficiently encapsi-
dated nucleus-encoded RNAs in CNV virions correspond to retrotransposon or retrotransposon-like RNA sequences. Thus,
CNV could potentially serve as a vehicle for horizontal transmission of retrotransposons to new hosts and thereby significantly
influence genome evolution.

IMPORTANCE

Viruses predominantly encapsidate their own virus-related RNA species due to the possession of specific sequences and/or struc-
tures on viral RNA which serve as high-affinity binding sites for the coat protein. In this study, we show, using next-generation
sequence analysis, that CNV also encapsidates host RNA species, which account for ~0.1% of the RNA packaged in CNV parti-
cles. The encapsidated host RNAs predominantly include chloroplast RNAs, reinforcing previous observations that CNV CP en-
ters chloroplasts during infection. Remarkably, the most abundantly encapsidated cytoplasmic mRNAs consisted of retrotrans-
poson-like RNA sequences, similar to findings recently reported for flock house virus (A. Routh, T. Domitrovic, and J. E.
Johnson, Proc Natl Acad Sci U S A 109:1907-1912, 2012). Encapsidation of retrotransposon sequences may contribute to their
horizontal transmission should CNV virions carrying retrotransposons infect a new host. Such an event could lead to large-scale
genomic changes in a naive plant host, thus facilitating host evolutionary novelty.

Viruses generally selectively package their own genomic RNA
over host RNA. In many cases, virus capsid proteins have been
found to bind specific high-affinity sequences and/or structures
on viral RNA, which helps to preclude encapsidation of host RNAs
(1-17). In the case of the satellite tobacco necrosis virus (STNV)
and MS2 bacteriophage, specific RNA sequences may not exist;
rather, the genome may contain numerous distinct but function-
ally similar packaging sites (e.g., small stem-loops) that are bound
simultaneously but independently by multiple coat protein (CP)
subunits (4, 18, 19). In addition, it has been suggested for some
viruses that assembly occurs within viral factories consisting pre-
dominantly of viral RNA, thus making encapsidation of host RNA
less likely. For example, the replicase-associated 2C ATPase en-
coded by the poliovirus genome interacts with the capsid protein,
and this leads to morphogenesis at the replication site (20). Many
viruses are known to encapsidate host RNAs when the coat pro-
tein is expressed under artificial conditions. One such example is
MS?2 phage, which encapsidates a 16S rRNA precursor during ex-
pression from a plasmid in bacterial cells (21). Pariacoto virus
(PaV) as well as flock house virus (FHV), both of which are noda-
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viruses, can produce virus-like particles (VLPs) during artificial
expression in insect cells (22, 23). Potato leaf roll virus also forms
VLPs when the coat protein is expressed in insect cells and encap-
sidates host RNAs in the size range of 80 to 200 nucleotides (nt)
(24). Transient expression of brome mosaic virus (BMV) CP in
the absence of replicase also results in encapsidation of host RNA
species (25). Siegel (26) was the first to show that a plant virus,
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tobacco mosaic virus (TMV), encapsidates host RNA during in-
fection, with approximately 2 to 2.5% of total virion RNA of the
U2 strain of TMV corresponding to host RNA sequences and pre-
dominantly chloroplast RNA. Later, Rochon and Siegel (15)
showed that chloroplast DNA transcripts, excluding rRNAs, are
encapsidated by the U2 strain of TMV. FHV has recently been
found to encapsidate host RNAs during infection, with up to 1%
of total virion RNA corresponding to host RNA sequences (23).
Thus, although mechanisms are in place to ensure encapsidation
of predominantly viral RNA during infection, in a few cases, host
RNAs have also been shown to be encapsidated, albeit at a signif-
icantly lower level.

Cucumber necrosis virus (CNV) is a member of the Tombus-
virus genus in the family Tombusviridae (27-29). As such, the
genome is positive-sense, single-stranded RNA encapsidated by a
T=3 icosahedral shell. The genome is approximately 4.7 kb, and
the 34-nm capsid is comprised of 180 identical copies of a single
41-kDa CP. Besides the CP, the CNV genome encodes 4 additional
proteins (Fig. 1A): an auxiliary replicase factor (p33), an RNA-
dependent RNA polymerase (p92), the cell-to-cell-movement
protein (p21), and a silencing suppressor (p20). The CNV CP is
translated from a subgenomic RNA (sgRNA1) during infection, as
are p21 and p20 (sgRNA2). p33 is translated from full-length
genomic RNA, and p92 is a readthrough product of the leaky
amber termination codon of the p33 open reading frame (ORF)
(29-33).

An X-ray crystal structure of the CNV particle has been deter-
mined at a 2.9-A resolution (34), and the particle structure has
also been determined by cryo-electron microscopy (cryo-EM) ata
12-A resolution (35). The cryo-EM structure shows that the cap-
sid consists of both an inner shell and an outer shell, with the inner
shell forming a T=1-like scaffold that may be used for particle
assembly. The structures of the particle and CP of CNV are similar
to those of the tombusvirus tomato bushy stunt virus (TBSV)
(35). The CP subunit of CNV consists of 3 major domains: an
inward-facing RNA binding domain (R); the shell domain (S),
which forms the outermost shell of the particle; and the P domain,
which projects from the particle surface (Fig. 1A). A flexible 34-
amino-acid (aa) arm connects the R domain to the S domain, and
a 5-aa hinge tethers the S domain to the P domain. Deletion anal-
ysis of the R domain has shown that specific R-domain sequences
are required for T=3 icosahedral symmetry, as T=1 particles are
formed in their absence (35-37). Additionally, it has been shown
that a KGKKGK sequence at the C-terminal region of the R do-
main is required for encapsidation of full-length CNV RNA, at
least in part due to its role in the neutralization of negatively
charged phosphates of encapsidated RNA (37).

Approximately 1 to 5% of the CNV CP in a CNV-infected cell
is present in chloroplasts (38). Although the biological signifi-
cance of chloroplast targeting is not known, it was suggested that
CNV particles may uncoat on the cytoplasmic side of the chloro-
plast outer membrane as CP subunits are reeled into the chloro-
plast during CP uptake (38). Using green fluorescent protein
(GFP) fusion protein constructs, it has been determined that most
of the arm domain plus 4 aa of the S domain are minimally re-
quired for chloroplast targeting (38). Coat protein-GFP fusion
protein constructs have also been shown to target mitochondria,
wherein 38 aa of the N-terminal region of the CP are sufficient for
mitochondrial targeting (39). We have previously shown that 3
specific cleavage events occur during chloroplast targeting of the
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FIG 1 Features of the CNV genome, CP cleavage products, and CNV CP
expression vector used in this study. (A) Genome organization of CNV show-
ing the 5 open reading frames and the proteins that they encode. The CP ORF
is expanded, and the 3 main domains (R, S, and P) along with the arm region
and hinge (h) are shown. The approximate region of the CP that contains the
chloroplast transit peptide-like sequence is underlined. RdRp, RNA-depen-
dent RNA polymerase; gRNA, genomic RNA. (B) Diagrammatic representa-
tion of 3 CP cleavage events that take place during targeting of the CNV CP to
chloroplasts (47, 48). The first cleavage is near the R/arm junction and results
in an N-terminal ~32.9-kDa truncated CP where the chloroplast transit pep-
tide is now at the N terminus of the protein. This cleaved species resides in the
chloroplast intermembrane space or mitochondrial matrix. The second cleav-
age is near the arm/S junction and occurs within the stroma (where this 31.1-
kDa species resides) likely via the stromal processing peptidase. (C) Diagram-
matic representation of the structure of pPCNVCPpBin(+). The 35S promoter,
the alfalfa mosaic virus (AMV) translational enhancer, and the nopaline syn-
thase transcription termination signal (Nos-T) are shown along with the po-
sition of the CNV CP. The restriction enzyme cleavage sites used for cloning
purposes are also indicated.

CNV CP (38, 39) (Fig. 1B). Cleavage near the R/arm boundary,
which may occur in the cytoplasm or mitochondria, gives rise to a
32.9-kDa protein. This protein is functionally equivalent to a
chloroplast preprotein, in that it contains an N-terminal chloro-
plast transit peptide-like sequence of at least 38 aa and is capable of
targeting chloroplasts. A second cleavage was found to occur near
the arm/shell junction during chloroplast uptake into the stroma,
giving rise to a protein of 31.1 kDa. A third minor cleavage event
(not shown in Fig. 1) occurs in the mitochondria in the R domain
approximately 25 to 35 aa from the N terminus (38, 39).
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During studies to analyze the biological significance of chloro-
plast targeting of the CNV CP and to analyze the viral origin of an
assembly sequence(s), we have found that Nicotiana benthamiana
plants agroinfiltrated with CNV CP accumulate both T=3- and
T=1-like particles that encapsidate specific host RNA species,
here referred to as VLPs. Using next-generation sequencing
(NGS) analysis of RNA extracted from RNase-treated VLPs, we
found that the majority of the encapsidated host RNA is of chlo-
roplast origin, but host RNAs of mitochondrial and nuclear
origin are also encapsidated. rRNAs from each of these organ-
ellar compartments were included among the host RNAs found
to be encapsidated in VLPs. The CNV CP mRNA generated
during agroinfiltration was additionally encapsidated and, com-
pared with other efficiently encapsidated host RNAs, had the
highest relative encapsidation efficiency. Additionally, the TBSV
P19 mRNA expressed during coagroinfiltration with CNV CP was
also encapsidated relatively efficiently, suggesting that the CNV
CP ORF and the CNV p20 ORF (CNV p20 is the homolog of TBSV
p19) each contains a high-affinity CNV CP binding site used for
encapsidation. Additionally, we have found that highly purified,
RNase-treated CNV particles extracted from infected leaves also
contain host RNA (~0.1% of total virion RNA), again, with the
majority of the host RNA corresponding to chloroplast RNA. As
has been shown for FHV (23), retrotransposon RNA sequences
are also encapsidated and represent approximately 0.5 to 1.3% of
total encapsidated host RNAs and, remarkably, the highest pro-
portion of encapsidated nonribosomal nucleus-encoded RNA.
These results suggest a means whereby retrotransposons can be
horizontally transferred to other CNV hosts and, therefore, a
means by which viruses can significantly influence the evolution
of host genomes.

MATERIALS AND METHODS

Plasmid construction. The pPCNVCPpBin(+) construct containing the
CNV coat protein ORF in the Agrobacterium tumefaciens binary plasmid
vector pBin(+) was prepared in two steps. In the first step, the CNV CP
ORF was cloned into the intermediate vector pBBI525 between the dual
35S promoter and the NOS terminator to form pBBI525/CNVCP. The
CNV CP ORF was PCR amplified by using the forward primer CNV-040
and the reverse primer CNV-279 (see Table S1 in the supplemental ma-
terial) from a previously described full-length infectious CNV ¢cDNA
clone, pK2/M5 (30). The PCR product was inserted in the Ncol and
BamHI sites of pBBI525 by bimolecular ligation. The 35S promoter, the
CNV CP ORF, and the NOS terminator from pBBI525 were digested with
Kpnl and EcoRI and inserted into similarly digested pBin(+). The final
structure of the pPCNVCPpBin(+) construct is shown in Fig. 1C.

Agrobacterium-mediated transient expression. Agrobacterium-me-
diated transient expression of pPCNVCPpBin(+) was performed as de-
scribed previously (40).

Virus and VLP purification. Wild-type (WT) CNV was propagated in
N. benthamiana plants mechanically inoculated with infectious tran-
scripts prepared from pK2/M5 as described previously (30). Infected
leaves from transcript-inoculated plants were used to inoculate a large
batch of 4- to 6-week-old N. benthamiana plants. VLPs were produced by
agroinfiltration of N. benthamiana leaves with pCNVCPpBin(+). The
TBSV p19 protein was coexpressed in the agroinfiltrated plant cells to
suppress induction of gene silencing (41), thereby allowing optimal ex-
pression of pPCNVCPpBin(+). CNV virions and pPCNVCPpBin(+) VLPs
were extracted using differential centrifugation as previously described
(35). WT CNV particles were electrophoresed through 1% (wt/vol) aga-
rose gels in TB buffer (45 mM Tris, 45 mM borate, pH 8.3) as described
previously (42). Virions were stained with ethidium bromide (EtBr) in the
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presence of TB buffer containing 1 mM EDTA and photographed under
UV illumination. Electrophoresis of VLPs from CNV CP-infiltrated
plants was conducted using 2% (wt/vol) agarose gels in TB buffer for 1.5h
(36). Known concentrations of WIT CNV particles (as determined by
spectrophotometry) were used as mass standards. The yield of VLPs was
typically approximately 1/60 of the yield of CNV virions.

For the smaller-scale purification of CNV and VLPs, a procedure that
involved polyethylene glycol precipitation and only low-speed centrifu-
gation was utilized (36, 43).

RNase treatment of CNV virions and VLPs. CNV virions and VLPs
were treated with RNase A (Invitrogen), when indicated, at a concen-
tration of 0.02 ng/pl for 30 min at room temperature. Prior to RNA
extraction using phenol chloroform and SDS in the presence of EDTA
as previously described (30), the mixtures were adjusted to 20 mM
B-mercaptoethanol to inhibit RNase activity during the purification
procedure. Pilot experiments showed that free RNA was readily di-
gested under these conditions, whereas virion RNA remained intact.
Purified RNA was then treated with DNase I (Qiagen) as described
below for total leaf RNA.

Transmission electron microscopy of CNV virions and VLPs. Trans-
mission electron microscopy of uranyl acetate-stained virions was con-
ducted as described previously (36).

SDS-PAGE and Western blot analysis. Total leaf protein, VLPs, and
virions were subjected to SDS-PAGE and Western blot analysis as previ-
ously described (40) using a polyclonal antibody raised against the bacte-
rially expressed S and P domains of the CNV CP (antibody SP).

Total leaf RNA purification, electrophoresis, and Northern blot
analysis. Total leaf RNA was extracted using an RNeasy plant kit (Qiagen)
following the manufacturer’s protocol, including DNase I treatment.
RNA was electrophoresed through 1% agarose gels in 0.5X TBE (44.5 mM
Tris, 44.5 mM boric acid, 1 mM EDTA, pH 8) and visualized by staining
with EtBr as previously described (42). For Northern blot analysis, virion
RNA was separated in a 1% formaldehyde-agarose gel, transferred to Ze-
ta-probe GT blotting membranes (Bio-Rad), and hybridized with a ran-
domly primed **P-labeled cDNA probe specific for uninfected total leaf
RNA using a Random Primers DNA labeling system (Invitrogen).

N-terminal peptide sequencing. The N termini of the pPCNVCPpBin(+)
41-kDa, ~33-kDa, and ~31-kDa proteins present were determined by
Edman degradation analyses by the Protein Facility of the Iowa State
University Office of Biotechnology using a PerkinElmer Applied Biosys-
tems model 494 Procise protein/peptide sequencer. Protein species were
obtained from pCNVCPpBin(+)-infiltrated leaf tissue by immunopre-
cipitation using a CNV CP-specific polyclonal antibody. The proteins
were electrophoresed through an SDS-polyacrylamide gel, and individual
CP species were excised from the gel prior to Edman degradation analysis.

NGS of RNA. Two different CNV virion RNA preparations or VLP
RNA prepared as described above was subjected to NGS using the Ion
Torrent semiconductor or Illumina sequencing platform. For Ion Torrent
sequencing (Ion Proton; Life Technologies), reads were single end and the
length between fragments varied by up to 200 bases. The library prepara-
tion method utilized a total RNA sequencing kit (v2; Life Technologies)
with no poly(A) enrichment. For Illumina sequencing, the length was 75
nucleotides. The library preparation method utilized a TruSeq Stranded
mRNA LT kit (Illumina) with no poly(A) enrichment. CNV virions were
obtained from 2 independent virus purifications from different batches of
infected leaf tissue. In the first case, virions were not treated with RNase
and total RNA was sequenced using Ion Torrent sequencing. In the sec-
ond case, virions were treated with RNase prior to RNA extraction, and
sequencing was by use of the Illumina technology. CNV VLPs were treated
with RNase prior to RNA extraction, and sequencing was performed by
use of the Ion Torrent technology. Sequencing was outsourced to Applied
Biological Materials, Inc. (Richmond, BC, Canada). Prior to sequencing,
the quality of the RNA was determined using an Agilent 2100 bioanalyzer
(Agilent Technologies, Inc.). Poor-quality reads containing any base with
a Phred score of <20 and reads containing less than 50 bases were re-
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moved. Three data sets corresponding, respectively, to CNV VLP RNA
and to untreated and RNase-treated CNV virions were obtained. These
data sets are referred to as CNVVLP-RNAseq, CNV-RNAseql, and CNV-
RNAseq2, respectively.

Alignment of reads from next-generation sequencing. Alignment of
the reads was conducted using the CLC Genomics Workbench (v6.5 or
v7.5). A similarity fraction of 0.95 and a length fraction of 0.5 were used
for all mappings except for the rRNAs, where the similarity fraction was
0.95 and the length fraction was 0.95. The mismatch cost was set to 2, the
insertion cost was set to 3, and the deletion cost was set to 3. The NCBI
GenBank accession numbers of the genes or genomes used for alignment
of the reads were M25270 for the full-length sequence of CNV RNA (29),
NC_001554.1 for the TBSV p19 sequence (44), Z00044 for the 23S and
16S rRNA genes derived from the complete Nicotiana tabacum chloro-
plast genome (45), and BA000042 for the 26S and 18S rRNA genes derived
from the N. tabacum mitochondrial genome (46). GenBank accessions
AF479172 and AJ236016 were used for the complete N. tabacum 26S and
18S cytoplasmic rRNAs, respectively. The N. benthamiana transcriptome
(v5) was downloaded from http://sydney.edu.au/science/molecular
_bioscience/sites/benthamiana/ (47). Sequences that mapped to the N.
benthamiana transcriptome were identified on the basis of the annota-
tions in the downloaded N. benthamiana transcriptome. The accuracy of
several of the annotations was confirmed by BLAST analysis against the
sequences in the NCBI database and adjusted accordingly (see Fig. S1to S3
in the supplemental material).

RT-PCR analysis. One hundred nanograms of mock total leaf RNA,
100 ng of pPCNVCPpBin(+) VLP RNA, or 5 ug of WT CNV RNA ob-
tained as described above was reverse transcribed into cDNA using Super-
Script III reverse transcriptase (RT; Invitrogen) and gene-specific reverse
primers (see Table S1 in the supplemental material). cDNA was amplified
using Taq polymerase (Invitrogen) and the gene-specific primers indi-
cated in Table S1 in the supplemental material using standard PCR pro-
tocols. RT-PCR products were analyzed by electrophoresis through 1%
agarose gels buffered in TAE (Tris-acetate-EDTA) followed by staining
with ethidium bromide.

ddPCR analysis. SuperScript III RT (Invitrogen) and gene-specific
reverse primers for cDNA synthesis (see Table S1 in the supplemental
material) were used for reverse transcription. Serial dilutions of the
c¢DNAs were prepared, and droplet digital PCR (ddPCR) was performed
using a QX200 droplet digital PCR system (Bio-Rad) according to the
manufacturer’s protocol.

Calculation of REE. Calculation of the encapsidation efficiency (REE)
of CNV CP mRNA relative to that of other encapsidated pCNVCPpBin
(+) VLP RNAs was conducted as described previously (10) using the
results of ddPCR. The ratio of the number of molecules of the indicated
RNA in virion RNA with respect to that of CNV CP mRNA was divided by
the ratio of the number of molecules of the indicated RNA in total leaf
RNA with respect to that of CNV CP mRNA. The result was multiplied by
100 and is shown as a percentage. A similar formula was applied for cal-
culating the REE of host RNAs.

RESULTS AND DISCUSSION

Agroinfiltrated CNV CP encapsidates host RNA species. CNV
CP was cloned into the A. tumefaciens binary vector pBin(+) and
used to agroinfiltrate N. benthamiana leaves. This construct,
pCNVCPpBin(+) (Fig. 1C), was coagroinfiltrated with the to-
mato bushy stunt virus (TBSV) p19 suppressor of silencing (41) to
suppress silencing of CNV CP mRNA and, consequently, increase
the levels of CNV CP. At 5 days postinfection (dpi), leaves were
collected and subjected to virus purification utilizing a method
previously used for the purification of CNV particles from in-
fected plants (36). Agarose gel electrophoresis followed by
ethidium bromide staining of purified material showed the pres-
ence of two distinct virus-like particles (VLPs) (Fig. 2A): one spe-
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FIG 2 Features of virus-like particles extracted from pCNVCPpBin(+)-
agroinfiltrated plants. (A) Agarose gel electrophoresis of virus-like particles
extracted from pCNVCPpBin(+)-agroinfiltrated plants. Particles were ex-
tracted from CNV-infected leaves (lanes 1 and 1") or from pCNVCPpBin(+)-
infiltrated leaves (lanes 2 and 2"). CNV particles and the VLPs extracted from
pCNVCPpBin(+)-infiltrated leaves were electrophoresed through separate
2% agarose gels and either stained with EtBr in the presence of 1 mM EDTA
(left) or stained with Sypro Ruby (right). The positions of the T=3 and T=1
particles are shown. The yield of VLPs was typically approximately 1/60 of the
yield of CNV virions. (B) Transmission electron microscopy analysis of VLPs.
WT CNV particles (i) and particles extracted from pCNVCPpBin(+)-infil-
trated plants (ii) are shown. Arrows, the presence of T=3 particles of WT CNV
and T=3-like and T=1-like particles extracted from pCNVCPpBin(+)-infil-
trated plants; arrowhead, a T=3-like particle with an apparent structural de-
fect.

cies comigrated with authentic CNV T=3 particles, whereas the
other species migrated at a higher rate similar to that of the T=1
particles formed by CNV mutants lacking R-domain sequences
(36). The putative VLPs were further analyzed by negative staining
followed by electron microscopy (Fig. 2B). It can be seen that
particles similar in size to authentic 34-nm CNV T=3 particles
were evident, along with particles of a smaller diameter of approx-
imately 23 nm, similar in size to previously described CNV T=1
particles (35, 36). In addition, particles with apparent defects in
structure, such as the one indicated in Fig. 2B, panel ii, where the
particle appears to contain a hole with missing CP subunits, were
also observed.

pCNVCPpBin(+) VLPs were subjected to RNase treatment to
eliminate any RNA that may have copurified with the virus parti-
cles, and then RNA was extracted from the treated VLPs and an-
alyzed by agarose gel electrophoresis. Four discrete species of ap-
proximately 3.3 kb, 2.0 kb, 1.8 kb, and 1.4 kb were observed along
with a mixture of smaller species ranging in size from ~0.5 to 1.3
kb (Fig. 3A, lane 1). The pattern of RNA species observed did not
differ between RNase-treated and untreated VLPs (data not
shown). The approximately 3.3-kb species comigrated with host
cytoplasmic 26S rRNA, and the ~1.8-kb species comigrated with
host cytoplasmic 18S rRNA. The ~2.0-kb RNA, the 1.4-kb RNA,
and the series of smaller species did not have a clear counterpart in
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FIG 3 Agarose gel electrophoresis and Northern blot analysis of host RNA
species present in CNVCPpBin(+) VLPs and CNV particles. (A) Agarose gel
electrophoresis of RNA extracted from RNase-treated pPCNVCPpBin(+) par-
ticles. Lane 1, RNA extracted from pCNVCPpBin(+) VLPs; lane 2, CNV vi-
rion RNA (VRNA); lane 3, total RNA from uninfected leaves (mock infected).
The sizes of cytoplasmic 26S rRNA (3.3 kb), 18S rRNA (1.8 kb), and 16S rRNA
(1.5 kb) are indicated on the right. Asterisks, the major RNAs of a discrete size
extracted from pCNVCPpBin(+) VLPs; brackets, a series of smaller RNAs
ranging from ~0.5 to ~1.3 kb. (B) Northern blot analysis. Fifty nanograms of
RNA extracted from RNase-treated CNVCPpBin(+) VLPs (lane 1) or 2.5 pg
of RNA extracted from RNase-treated CNV particles was electrophoresed
through a 1% denaturing agarose gel and blotted onto a Zeta-probe membrane
(Bio-Rad). The probe was a **P-labeled randomly primed cDNA to total leaf
RNA extracted from N. benthamiana. Lane 3, 50 ng of total leaf RNA used as a
control. Lanes 1 and 3 were exposed for approximately 1/12 the time that lane
2 was exposed.

total uninfected leaf RNA, suggesting that these species may be
selectively encapsidated during infection. To further analyze the
host origin of pCNVCPpBin(+) VLP RNA species, a randomly
primed ¢cDNA probe for total uninfected N. benthamiana leaf
RNA was hybridized to VLP RNA, which was electrophoresed
through a denaturing agarose gel and blotted onto a Zeta-probe
GT membrane (Bio-Rad) (Fig. 3B). The results show that the 3.3-
kb, 1.8-kb, and 1.4-kb species visible on ethidium bromide-
stained gels each hybridized to host RNA. On the basis of the sizes
of the RNAs, the 3.3-kb species may be 26S rRNA and the 1.8-kb
species may be 18S rRNA, but this requires further confirmation.
The putative identities of the remaining 2.0-kb species, the 1.4-kb
species, and the series of smaller RNA species which do not have
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FIG 4 Western blot analysis of CNVCPpBin(+) total leaf protein and VLP
protein. N. benthamiana leaves were agroinfiltrated with pCNVCPpBin(+),
and 5 days following agroinfiltration, total leaf protein (lane 1) or purified
VLPs (lane 2) were denatured and electrophoresed through a NuPAGE gel and
subjected to Western blot analysis using a polyclonal antibody specific to the
CNV CP shell and protruding domains (antibody SP). Lane 3, total leaf protein
extracted from CNV-infected leaves; lane 4, CNV virion protein used as a size
control (see the text). The numbers on the right correspond to the sizes of
full-length CNV CP (41 kDa), the 32.9-kDa CP cleavage product associated
with the chloroplast intermembrane space and with mitochondria, and the
31.1-kDa cleavage product associated with the chloroplast stroma (47, 48).
The exact sizes of the cleavage products were determined by Edman degrada-
tion analysis of protein immunoprecipitated from pCNVCPpBin(+)-agroin-
filtrated leaves (see the text).

detectable counterparts in total leaf RNA are unknown. Collec-
tively, the results indicate that pPCNVCPpBin(+) VLP RNA cor-
responds to host RNA encapsidated by pPCNVCPpBin(+) CP fol-
lowing agroinfiltration. Thus, although it is generally believed that
viral CPs selectively encapsidate viral RNA, agroinfiltrated CNV
CP efficiently encapsidates host RNAs, suggesting as described
further below that encapsidation specificity may occur preferen-
tially during the infection process.

To eliminate the unlikely possibility that uninfiltrated N. ben-
thamiana harbors VLPs, uninfiltrated leaves were subjected to vi-
rus purification using the same amount of tissue and the methods
used for purification of the pPCNVCPpBin(+) VLPs. No virus par-
ticles were observed, as determined by agarose gel electrophoresis
(data not shown). As well, purified material was subjected to the
virion RNA extraction procedure utilized for purification of CNV
RNA and pCNVCPpBin(+) VLP RNA, and no RNA was observed
following agarose gel electrophoresis (data not shown).

PCNVCPpBin(+) VLPs are comprised of full-length CNV
CP as well as 2 CP cleavage products associated with chloro-
plasts or mitochondria. Total protein from pCNVCPpBin(+)
VLP preparations was analyzed by SDS-PAGE followed by West-
ern blotting analyses to determine the sizes of the CP species pres-
ent in pPCNVCPpBin(+) VLPs (Fig. 4). In addition to the full-
length 41-kDa CNV CP species, 2 additional species of
approximately 32.9 kDa and 31.1 kDa were observed. The full-
length 41-kDa species as well as the 2 cleavage products associated
with VLPs comigrated with proteins detected in total leaf protein
from pCNVCPpBin(+)-agroinfiltrated plants (Fig. 4, compare
lanes 2 and 1, respectively). These 2 cleavage products, in turn,
comigrated with the 2 CNV cleavage products that have previ-
ously been shown to be associated with chloroplasts or mitochon-
dria (38, 39) and can be detected in total leaf extracts of CNV-
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infected plants (Fig. 4, lane 3). As summarized in Fig. 1, the 32.9-
kDa species is the result of cleavage near the R/arm junction and
has been found to be associated with the chloroplast intermem-
brane space as well as with mitochondria (38, 39). The 31.1-kDa
species is a further cleavage product of the chloroplast 32.9-kDa
species and results from cleavage near the arm/S junction in the
chloroplast stroma (38, 39). Collectively, the results demonstrate
that pCNVCPpBin(+) VLPs are comprised of full-length CNV
CP as well as the 2 chloroplast proteins or the mitochondrial cleav-
age product. Previous studies have shown that CNV T=1 particles
can be formed during infection from CNV CP deletion mutants
lacking the CP R domain (36, 37), suggesting that it may be pos-
sible that the T=1 particles present in pPCNVCPpBin(+) VLPs are
comprised exclusively of the 32.9-kDa species. Studies have not
been conducted to determine if particles lacking both the R and
the arm domains can form T=1 particles, so it is not possible to
speculate on whether the 31.1-kDa protein can itself form parti-
cles. We also note that the 32.9-kDa species might also be present
in the T=3-sized particles, as such an observation was previously
made with CNV T=3 particles of a mutant that also produced
T=1 particles (36).

To precisely identify and map the N termini of the CP cleavage
products, pCNVCPpBin(+) CP species were immunoprecipi-
tated with a CNV-specific polyclonal antibody and the two cleav-
age products were isolated from SDS-polyacrylamide gels and se-
quenced. Since CNV virions also contain low levels of a similarly
sized cleavage product, CNV virions were also used as a source of
protein. Edman degradation analysis showed that the N terminus
of the 32.9-kDa species corresponds to CNV CP amino acids
YAVKG (aa 78 to 82) just downstream from the R/arm junction
(yielding a protein with a molecular mass of 32.9 kDa) and the
31.1-kDa product corresponds to CNV CP amino acids SVRIT (aa
93 to 97), corresponding to the first 5 aa of the S domain at the
arm/S junction (yielding a protein with a molecular mass of 31.1
kDa).

It is noted that although the 32.9-kDa cleavage product pre-
dominates in CNVCPpBin(+) VLPs and in total leaf protein from
N. benthamiana leaves agroinfiltrated with CNVCPpBin(+), the
full-length 41-kDa CNV CP predominates in CNV virions and
total leaf protein from infected N. benthamiana leaves (Fig. 4).
Although we have not directly tested the basis for this, it is likely
that full-length CNV CP is readily assembled with virion RNA
during infection and this not only stabilizes the 41-kDa species but
also precludes chloroplast targeting. However, in pCNVCPpBin
(+)-infiltrated plants, full-length CP does not readily assemble
into particles and therefore is relatively more available for chloro-
plast targeting. Our studies have shown that pCNVCPpBin(+)-
infiltrated tissue yields, on average, only approximately 5 g
VLP/g leaf tissue, whereas CNV-infected leaves yield approxi-
mately 300 p.g virions/g leaf tissue.

Identification and characterization of host RNA species en-
capsidated in pCNVCPpBin(+) VLPs and WT CNV virions.
NGS analysis was conducted to determine the identity of host
RNA species encapsidated by pPCNVCPpBin(+) VLPs and by WT
CNV virions during infection. RNA was extracted from RNase-
treated VLPs and from WT CNV particles that were either not treated
(CNV-nr) or treated (CNV-r) with RNase (18). After quality control
analyses, approximately 8.1 million reads from pCNVCPpBin(+)
VLP RNA, 9.1 million reads from CNV-nr RNA, and 372 mil-
lion reads from CNV-r RNA were obtained. The three data sets
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are referred to as CNVVLP-RNAseq, CNV-RNAseql, and
CNV-RNAseq2, respectively. The reads from CNVVLP-
RNAseq were aligned to the N. benthamiana transcriptome (v5)
from the University of Sydney School of Molecular Bioscience
(http://sydney.edu.au/science/molecular_bioscience/sites
/benthamiana/). Host sequences were identified on the basis of the
annotations in the N. benthamiana transcriptome, and several an-
notations were confirmed or redefined by BLAST analysis using
the NCBI database (see Fig. S1 to S3 in the supplemental material).
Since both CNV CP and TBSV p19 mRNAs were expressed in
agroinfiltrated plants from which pCNVCPpBin(+) VLPs were
obtained, the numbers of reads obtained for each sequence were
determined using the respective sequences available in the NCBI
database (see Materials and Methods). The full-length sequence of
CNV RNA was used as a source for the viral genome in the analysis
of the CNV-RNAseql and CNV-RNAseq2 data. Unmatched reads
were then aligned with the N. benthamiana transcriptome as de-
scribed above. To quantify the relative amounts of rRNAs encap-
sidated, the individual full-length cytoplasmic N. tabacum 26S
and 18S rRNAs, chloroplast 23S and 16S rRNAs, and mitochon-
drial 26S and 18S rRNAs were used as reference genes. Figure 5
summarizes the major findings. Of the approximately 8.1 million
reads in the CNVVLP-RNAseq data set, approximately 5 mil-
lion mapped to the N. benthamiana transcriptome and 2.9 million
remained unassigned. Sequences corresponding to the CNV CP
mRNA and the TBSV p19 mRNA accounted for approximately
49,000 (0.93%) and 12,000 (0.24%) of the assigned reads, respec-
tively. These data confirm that N. benthamiana RNA species are
encapsidated by CNV VLPs and also demonstrate that both TBSV
p19 RNA and CNV CP mRNA are encapsidated (Fig. 5A).

Similar analyses using the CNV-RNAseq1 data set showed that
of the approximately 9.1 million reads, 8.96 million corresponded
to assigned sequences, of which CNV RNA made up 99.29%, and
191,000 were unassigned (Fig. 5B). N. benthamiana host RNA
sequences accounted for approximately ~63,000 reads (including
reads not annotated, i.e., ~9,000), indicating that approximately
0.7% of CNV virion RNA is host derived. For CNV-RNAseq_2,
approximately 368 million reads were obtained; ~343 million of
those corresponded to CNV RNA sequences and approximately
25 million remained unassigned. N. benthamiana host RNA se-
quences accounted for approximately ~296,000 reads (including
reads not annotated), indicating that approximately 0.09% of
CNV virion RNA is host derived. Since CNV-RNAseq2 data were
derived from RNase-treated virions, 0.09% is likely the closer es-
timate of the contribution of host RNA to total encapsidated vi-
rion RNA.

The most abundantly encapsidated RNAs derived from the
chloroplast, mitochondrial, and nuclear genomes are summarized
in Fig. 6 for the 3 data sets. In the CNV VLPs (Fig. 6A), chloroplast
23S rRNA was the most abundantly encapsidated RNA, with a
reads per kilobase (RPK) value of ~761,000. The second most
abundantly encapsidated RNA was chloroplast 16S rRNA, with an
RPK value of ~417,000. Nuclear and mitochondrial rRNAs were
also highly encapsidated, with RPK values ranging from ~44,000
to ~303,000. Ribulose bisphosphate carboxylase large chain
(RbcL) mRNA, which is encoded by the chloroplast, had the high-
est RPK value of the encapsidated mRNAs encoded by the nu-
cleus, chloroplast, and mitochondria. Other chloroplast RNAs
also had higher RPK values, with the top 6 chloroplast RNAs hav-
ing RPK values higher than those of either of the top nucleus-
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A CNVVLP-RNAseq C CNV-RNAseq2
Reads % Assigned reads | Reads % Assigned reads
Total reads 8,154,971 Total reads 367,985,967
Assigned 5,239,655 100% Assigned 343,215,125 100%
-CNV CP ORF 48,887 0.93% -WT CNV RNA 342,918,966 99.9%
-TBSV p19 ORF 12,360 0.24% -N. benthamiana 294,522 0.09%
-N. benthamiana 5,070,108 96.76% -Not annotated 1,637 0.0005%
-Not annotated 108,300 2.07% Unassigned 24,770,842
Unassigned 2,915,316
B CNV-RNAseq1
Reads % Assigned reads
Total reads 9,150,534 —
Assigned 8,959,510 100%
-WT CNV RNA 8,896,001 99.29%
-N. benthamiana 54,288 0.61%
-Not annotated 9,221 0.1%
Unassigned 191,024

FIG 5 Summary of alignment of reads from CNVVLP-RNAseq, CNV-RNAseq1, and CNV-RNAseq2 with the N. benthamiana transcriptome. The numbers of
reads from the CNVVLP-RNAseq (A), CNV-RNAseql (B), and CNV-RNAseq2 (C) data sets that aligned with the genes (CNV CP ORF and TBSV p19), the
genome (WT CNV RNA), or the transcriptome (N. benthamiana) were determined using CLC Genomics Workbench (v6.5 and v7.5). Not annotated, no or little
nucleotide sequence identity to other proteins could be detected during annotation.

encoded or mitochondrion-encoded RNAs. The most abundantly
encapsidated nucleus-encoded mRNA (RPK = ~3,800) was an
uncharacterized protein that showed strong sequence similarity to
7S signal recognition particle (SRP) RNA, and the most abun-
dantly encapsidated mitochondrion-encoded RNA was 60S ribo-
somal protein L2 (RPK = ~9,800). Overall, chloroplast RNAs
appeared to be much more efficiently encapsidated than nucleus-
encoded or mitochondrion-encoded RNAs (Fig. 6A). Encapsida-
tion of chloroplast RNA is consistent with the observation that
CNV CP enters chloroplasts during agroinfiltration, as described
above. The observation that mitochondrial RNAs are also encap-
sidated is likely a reflection of the entry of CNV CP into mitochon-
dria, also described above. Taken together, the results indicate that
CNV CP can assemble with a vast array of host RNA species in
agroinfiltrated plants.

As will be described in more detail below, CNV CP also
encapsidated the CP mRNA and TBSV p19 mRNA expressed
during agroinfiltration. In fact, CNV CP was the most effi-
ciently encapsidated of the mRNAs expressed in N. benthami-
ana, with an RPK value of ~43,000, i.e., 48,887 reads (Fig. 5A) per
1,140-nt coding region. TBSV p19 mRNA has an RPK value of
~24,000, i.e., 12,360 reads (Fig. 5A) per 518-nt coding region,
making it more efficiently encapsidated than any nucleus- or mi-
tochondrion-encoded mRNA. A measure of the efficiency of en-
capsidation of these RNAs relative to that of host RNAs is de-
scribed further below.

Figure 6B summarizes the relative amounts of host RNAs en-
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capsidated in CNV virions on the basis of the RPK values of indi-
vidual transcript identifiers. Interestingly, some similarities with
the CNVVLP-RNAseq data set (Fig. 6A) existed in the overall
trend with respect to the levels of encapsidated host RNAs. Chlo-
roplast rRNAs were again the most efficiently encapsidated, as
were chloroplast mRNAs, in comparison to nucleus-encoded and
mitochondrion-encoded rRNAs and mRNAs. It might be ex-
pected that chloroplast RNAs represent the most abundantly en-
capsidated RNAs in CNVVLPs since a large proportion of the
CNV CP is present in chloroplasts (Fig. 4). However, chloroplast-
located CNV CP represents only approximately 1 to 5% of the CP
presentin infected cells (38), but it is responsible for encapsidating
the majority of host (chloroplast) RNAs. It is possible that assem-
bly of CNV RNA occurs in the cytoplasm in a microenvironment
that separates the CP from the host RNA species and, thus, viral
RNA is preferentially encapsidated. CNV RNA may also contain
sequences that facilitate the assembly process, which would con-
tribute to the preferential encapsidation efficiency (see below). In
addition, as has been suggested for the encapsidation of BMV
RNA, the presence of the replicase could enhance the specificity of
encapsidation (25, 48, 49), a process which, in the case of CNV,
would not take place in chloroplasts, since CNV replicase does not
enter chloroplasts; rather, it is targeted to peroxisomes (50).

As the total number of reads corresponding to encapsidated
host RNAs was relatively low and the CNV preparation used for
the analyses whose results are presented in Fig. 6B was not treated
with RNase prior to deep sequencing analysis (although it was
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A CNVVLP-RNAseq
Nuclear encoded Chloroplast
RNA RPK | #Reads RNA RPK | #Reads | Mitochondrial RNA | RPK | #Reads
rRNA rRNA rRNA
26S 303,738 1,014,180 238 761,100 2,137,931 26S 60,870 207,262
18S 51,935 91,822 16S 417,029 621,374 188 44,098 83,831
mRNA mRNA mRNA
Putative uncharacterized protein . .
N A Ribulose bisphosphate 2 i
n=1 Tax=Ricinus communis 5 60S ribosomal protein L2,
ReplD=B9S749_RICCO 3,839 1263 carboxyl?;zggge chain 38,206 108,586 mitochondrial (probable) 9,795 4,241
(probable) (7S SRP RNA)
Maturase-related protein n=29
. . YCF2_NICSY Protein ycf2 Tax=core eudicotyledons
Putative cyclin-D6-1 (probable) 1,831 3,807 (probable) 33,558 42,056 ReplD=Q5MA61_TOBAC 5,507 3,869
(probable)
Ribulose bisphosphate Uncharacterized
carboxylase small chain 8B, 793 474 Protein ycf2 (probable) 28,720 28,651 mitochondrial protein ymf17 3,927 6,547
chloroplastic (probable) (probable)
Ribulose bisphosphate DNA-directed RNA NADH-ubiquinone
carboxylase small chain 8B, 771 389 polymerase subunit beta' 13,122 11,963 oxidoreductase chain 4 3,889 3,377
chloroplastic (similar to) (probable) (probable)
Gypsy/Ty-3 retroelement Ribosomal protein S14,
IR (e 760 307 Maturase K (probable) 12,269 21,238 mitochondrial (probable) 3,775 1,381
Heat shock cognate 70 kDa 748 1871 DNA-directed RII:IA polymerase 12,016 28,747 ATP synthase SUblfnlt alpha, 3743 13,255
protein 2 (probable) subunit beta" (probable) mitochondrial
. Photosystem || CP43 Ribosomal protein S13,
F-box protein SKIP14 (probable) 706 1,504 chlorophyll apoprotein 8,323 28,607 mitochondrial (probable) 3,599 1,922
Retrovirus-related Pol RK2_NICTO 508 ribosomal Group Il intron-ehcoded protein
polyprotein from transposon TNT] 672 1,048 protein L2, chloroplastic 6,501 10,697 P P 3,572 2,729
1-94 ItrA (probable)
-94 (probable) (probable)
NADH-ubiquinone oxidoreduct-
DNA-damage-repair/toleration Photosystem | P700 ase chain 1 n=3 Tax=core
protein DRT100 (probable) o7 794 chlorophyll a apoprotein A1 5,975 35,195 eudicotyledons RepID=Q5MA12 3,378 1,027
TOBAC (probable)
o . NAD(P)H-quinone ? .
NF-X1-type zinc finger protein 637 2315 oxidoreductase subunit 2 B, 5439 22322 Rllbosomal.protem S$19, 2.300 1,023
NFXL1 (probable) chloroplastic (probable) mitochondrial (probable)
B CNV-RNAseq1
Nuclear encoded Chloroplast
RNA RPK | #Reads RNA RPK | #Reads | Mitochondrial RNA | RPK | #Reads
rRNA rRNA rRNA
26S 301 1,005 23S 857.9 2,410 26S 42 143
188 229.1 405 16S 867.1 1,292 188 242 46
mRNA mRNA mRNA
Pumt::;?:::’;ﬁ:c;?g ,;;rotem Ribulose bisphosphate Cytochrome b-c1 complex
R = 32.7 44 carboxylase large subunit 437.4 1,191 subunit Rieske-2, mitochondrial 20.8 30
epID=A5B1A3_VITVI (probable)
(probable)(retrotransposon) (Rbcl) P!
Peptidyl-prolyl cis-trans Photosystem Il CP43 chlorophyll . .
isomerase FKBP62 (PPI) 31.9 74 apoprotein 60.5 208 60S ribosomal protein L2 11.5 6
Putative uncharacterized protein T — | Pentatri ‘id ‘
= —Vitis vini = ribosomal entatricopeptide repeat-
é' “Igf:s‘ggi 1‘”’:;:‘;'3' 27.7 35 protein 14, chloroplastic 60.5 39 containing protein Atdg01030, 9.8 29
op. 2! = (probable) mitochondrial (probable)
(probable)(retrotransposon)
: Maturase related protein n=29
Tranoslpo:;r;i'rl;y(:i-rsbgsgrol 247 44 YCF2_NICS;( l:lr olein yef2 51.8 43 Tax=core eudicotyledons 8.2 5
polyp! P (probable) ReplD=Q5MA61 TOBAGC
Putative uncharacterized protein
n=1 Tax=Vitis vinifera Photosystem Il CP47 chlorophyll Heat shock 70 kDa protein,
ReplD=A5AQF1_VITVI Ll ik apoprotein 99 ot mitochondrial (probable) 6:f 1
(probable)(retrotransposon)
Putative uncharacterized protein
n=1 Tax=Vitis vinifera Ribosomal protein S13,
ReplD=ASBDH9_ VITVI 24.0 13 Photosystem Il DIl (probable) 43.1 105 mitochondrial (probable) 56 3
(probable)(retrotransposon)
Retrotransposable element Tf2 Chlorophyll a-b binding brotein Group Il intron-encoded protein
155 kDa protein type 2 19.9 22 phyll a-b binding pi 38.0 31 ItrA (probable) 55 4
7, chloroplastic (probable)
(probable)
Putative uncharacterized protein
(Fragment) n=3 Tax=Vitis Photosystem | P700 chlorophyll Threonine—tRNA ligase,
vinifera ReplD=A5C2P7_viTvi | 75 s a apoprotein A1 265 156 mitochondrial (probable) e 1
(probable)
Nbv5tr6213785 . 60S ribosomal protein L5,
(not annotated) 16.7 4 ATP synthase subunit beta 20.1 55 mitochondrial (probable) 4.2 4
Elongation factor 2 114 16 Photosystem | P7(_)O 17.3 59 [Cytochrome C oxidase subunit 1 4.0 9
chlorophyll a apoprotein A2
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C CNV-RNAseq2
Nuclear encoded Chloroplast
RNA RPK [ #Reads RNA RPK | #Reads | Mitochondrial RNA | RPK | #Reads
rRNA rRNA rRNA
26S 16,791 56,067 23s 29,045 81,617 26S 2,611 8,718
188 29,241 51,143 16S 30,751 45,851 188 2,546 4,840
mRNA mRNA mRNA
u J ; ; Maturase related protein n=29
Tra"slp°s°t" R GbG;g = 686 1860 bR'b‘:k’sel b'Sphis‘?ha:b | 2247 56,662 Tax=core eudicotyledons 361 254
polyprotein (probable) carboxylase large chain (RbcL) ReplD=Q5MA61_TOBAC
Putative uncharacterized protein -
- iy 7o : NADH-ubiquinone
n2ilaeVisjviners 662 781 YOF2_NICSY Proteinyef2 | 1 25 | 2,252 oxidoreductase chain 4 305 276
ReplD=A5B1A3_VITVI (probable)
(probable)
(probable)(retrotransposon)
Putative uncharacterized protein
n=1 Tax=Vitis vinifera Photosystem | P700 chlorophyll ATP synthase subunit alpha,
ReplD=A5B4X8_VITVI 532 218 a apoprotein A1 1817 10,700 mitochondrial 201 1086
robable)(retrotransposon)
Retrotransposable element Tf2 " .
155 kDa protein type 2 521 539  [hotosystemll CF:4_3 chlorophyllf 4 o7 5,627 nf:g’;‘ggjllzl"z‘erg‘bigé) 204 157
(probable) apopreiein P!
Putative uncharacterized protein
n=4 Tax=Vitis vinifera Photosystem Il CP47 chlorophyll e :
ReplD=ASBF11_VITVI 420 514 apoprotein 1,614 3,489 60S ribosomal protein L2 279 122
(probable)(retrotransposon)
Putative uncharacterized protein
n=1 Tax=Vitis vinifera Ribosomal protein S10,
RepID=ASBDH9._ VITVI 402 233 Cytochrome b6 (probable) 1433 1386 mitochondrial (probable) 241 185
(probable)(retrotransposon)
Retrovirus-related Pol 0rf107b protein n=3 Tax=Beta
polyprotein from transposon 297 280 401 Protein ycf2 (probable) 1,216.6 1,394 RepID=Q9MFC6_BETVU 203 123
(probable) (probable)
= NADH-ubiquinone
RNA:directed DNA polymerase 248 229 Fhotosystem| P790 1,190 4,061 oxidoreductase chain 2 183 216
homolog (probable) chlorophyll a apoprotein A2
(probable)
DnaJ protein homolog 236 352 ATP synthase subunit beta 858 2344 Group Il intron-encoded protein 175 143
(probable) ItrA (probable)
Hop-interacting protein THI031
n=1 Tax=Solanum lycopersicum i i
RepID-GEZ260, SOLLE 232 178 | Photosystem II DIl (probable) | 853 2,080 hiesslotip o 173 76
(probable)

FIG 6 Major host RNAs encapsidated in pPCNVCPpBin(+) VLPs and WT CNV particles. The numbers of reads of the indicated rRNAs or mRNAs aligned to
sequences in the CNVVLP-RNAseq (A), CNV-RNAseql (B), and CNV-RNAseq2 (C) data sets are indicated. Alignments were performed against the N.
benthamiana transcriptome. The CLC Genomics Workbench (v6.5) was used to perform the alignments using a length fraction of 0.5 and a similarity fraction
of 0.95. All reads of less than 40 nt were discarded from the analysis. The number of reads per kilobase (RPK) value and the number of reads are given for each
transcript, and the ordering is based on the RPK values. All V. vinifera sequences were determined by BLAST analysis to correspond to retrotransposon-like
sequences, as outlined in Fig. S1 to S3 in the supplemental material. It is noted that several chloroplast and mitochondrial transcripts in the N. benthamiana
transcriptome are multicistronic and are annotated according to the 5'-most gene. Thus, the number of reads for a given reference gene may include reads that
mapped to other 3" distally located genes in the reference transcript. Figures S1 and S3 in the supplemental material provide detailed information regarding the

mapped sequences.

highly purified), we repeated the deep sequencing analysis using
RNase-treated virions and Illumina sequencing and obtained
more reads. In addition, the CNV preparation was from a differ-
ent batch of infected plants. In this data set (CNV-RNAseq?2) (Fig.
6C), approximately 296,000 host reads rather than the approxi-
mately 63,000 (including sequences not annotated) obtained in
the CNV-RNAseql data set (Fig. 6B) were obtained, allowing a
more statistically valid interpretation. The pattern of encapsidated
host RNAs was remarkably similar, with chloroplast RNAs once
again representing the majority by far. Moreover, 8 of the top 10
encapsidated chloroplast RNAs in the CNV-RNAseq2 data set
were represented in the top 10 encapsidated chloroplast RNAs in
the CNV-RNAseql data set. As for the encapsidated mitochon-
drial RNAs, only 4 of the top 10 encapsidated RNAs in CNV-
RNAseq2 were the same as those in CNV-RNAseq1, possibly ow-
ing to the statistically significantly lower number of mitochondrial
reads obtained in the CNV-RNAseql data set. Additionally, it is
possible that some of the differences between the data sets may be

10756 jvi.asm.org

Journal of Virology

due to the use of Illumina versus Ion Torrent sequence analysis.
Also, the CNV-RNAseql data set may have included stable RNA
species that copurified with CNV virions, since this data set was
derived from CNV virions that were not treated with RNase.

It was also noted that many of the chloroplast and mitochondrial
RNAs efficiently encapsidated in VLPs were also efficiently encapsi-
dated by CNV during infection. For example, 7 of the top 10 encap-
sidated mitochondrial RNAs in the CNV-RNAseq2 data set were
present in CNVVLP-RNAseq, and 5 of the top 10 encapsidated chlo-
roplast RNAs in the CNVRNAseq2 data set were also present in
CNVVLP-RNAseq (compare Fig. 6A and C). This may simply be a
reflection of the abundances of these RNA species in pPCNVCPpBin
(+)-agroinfiltrated and CNV-infected plants, but a potential prefer-
ence for encapsidating certain RNA species may also be present. Fur-
ther research is required to ascertain these possibilities.

Retrotransposons are encapsidated by both pCNVCPpBin(+)
VLPs and WT CNV particles. A most interesting finding in both
CNV virion data sets was the prevalence of RNA sequences in
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I;Aetrotransposons encapsidated in pPCNVCPpBin(+) VLPs

Retrotransposon Type Reads

Gypsy LTR Class | 2059

Copia LTR Class | 151

LINE-1 Non-LTR Class | 235

Total 2445

% Total
assigned reads 0.047%
(n=5,239,655)

BRetrotransposons encapsidated in WT CNV particles
Retrotransposon Type Reads
Gypsy LTR Class | 217
Copia LTR Class | 35
LINE-1 Non-LTR Class | 2
Total 254
_% Total
e | 0
(n=63,509)
C
Retrotransposons encapsidated in WT CNV particles
Retrotransposon Type Reads
Gypsy LTR Class | 3,223
Copia LTR Class | 429
LINE-1 Non-LTR Class | 41
Total 3,693
_% Total
"RNA reads | 1%
(n=296,159)

FIG 7 Retrotransposons encapsidated in pPCNVCPpBin(+) VLPs and in WT
CNYV particles. The numbers of reads from the CNVVLP-RNAseq (A), CNV-
RNAseql (B), and CNV-RNAseq2 (C) data sets that aligned with retrotrans-
posons are shown. Retrotransposons were identified on the basis of their
annotations using the search terms Copia, Gypsy, TY3, Tf2, TNT, retrotrans-
posable element, retrotransposon, retroelement, LINE-1, and transposon and
then grouped into the corresponding superfamilies (i.e., Gypsy, Copia, and
LINE-1). It is noted that several annotated transcripts that were not identified
as transposons in the N. benthamiana transcriptome were found to have se-
quence similarity to known transposons, but reads that mapped to these are
not indicated in the data sets. Thus, the number of reads should be regarded as
the smallest number of reads corresponding to retrotransposons. The # values
for the percentages of total assigned reads and total assigned host RNA reads
are from Fig. 5.

nucleus-encoded encapsidated RNAs that correspond to retro-
transposons or retrotransposon-like RNAs (Fig. 6B and C). The
retrotransposons included both major superfamilies of long ter-
minal repeat (LTR) class I transposons, Gypsy and Copia, which
are abundant in plant genomes, as well as LINE-1 transposons,
which are non-LTR class I transposons also known to be present in
plants (51-55) (Fig. 7). In CNV-RNAseq2, these elements repre-
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sented the top 8 encapsidated nucleus-encoded RNAs. In CNV-
RNAseql, they represented 6 of the top 10. Retrotransposons or
retrotransposon-like sequences were not as abundant in CNV
VLPs, where they represented only 2 of the top 10 encapsidated
RNAs. Figure 7 summarizes the retrotransposons encapsidated in
CNV VLPs and CNV virions. In CNV VLPs (Fig. 7A), retrotrans-
posons represented approximately 0.047% of the total assigned
reads, with LTR class I Gypsy family-related transposons being the
most abundant. In CNV virions, retrotransposon sequences rep-
resented approximately 0.4% and 1.3% of the total assigned host
reads in the CNV-RNAseql and CNV-RNAseq?2 data sets, respec-
tively. In both these cases, LTR class I Gypsy elements were the
most abundant, as in CNV VLPs. It is noted that during the anal-
ysis of retrotransposons in CNV virions, it became apparent that
the N. benthamiana genome likely encodes more retrotrans-
posons than are annotated. This was found when analyzing the
top 10 encapsidated nuclear host RNAs in CNV virions. For ex-
ample, in a pBLAST search of the translated sequences of 4 of the
top 10 encapsidated RNAs which were uncharacterized sequences
matching Vitis vinifera RNAs (see Fig. 6C, column 1), the presence
of conserved sequences corresponding to the various proteins
found in retrotransposons was observed. For example, as de-
scribed in Fig. S3 in the supplemental material, a putative unchar-
acterized protein labeled n = 2, Tax = Vitis vinifera, RepID =
A5B1A3_VITVI contained signature domains for the Gag poly-
protein and pepsin/retropepsin superfamilies. Similarly, a puta-
tive uncharacterized protein labeled n = 1, Tax = Vitis vinifera,
RepID = A5BDH9_VITVI contained a nucleotide sequence with
similarity to that of the Beta vulgaris TY3/Gypsy retrotransposon
(GenBank accession number JX455094.1) as well as showed do-
main features of the pepsin/retropepsin superfamily. Figure 7 pro-
vides data only for reads mapped to reference genes with annota-
tions referring to retrotransposons, so these are likely an
underestimate of the contribution of retrotransposons to encap-
sidated RNAs in CNV virions.

The observation that CNV VLPs contain an approximately 10-
to 28-fold lower level of retrotransposons than CNV virions could
suggest that retrotransposons become more prominent during
CNV infection. It has been reported that stress and pathogen in-
fection, including virus infection, can induce retrotransposons
(56-59), and should this occur during CNV infection, the in-
creased availability of retrotransposons may result in a greater
proportional encapsidation.

In FHYV, retrotransposons were found to account for 0.1% of
total encapsidated RNA (23). As was suggested for FHV, the pres-
ence of retrotransposon sequences in CNV particles could possi-
bly provide a means for horizontal transmission of retrotrans-
posons should CNV infect a new host. Horizontal gene transfer is
well-known to occur among organisms, including plants, and is
believed to catalyze genome evolution. Diao et al. (60) docu-
mented the horizontal transmission of a DNA transposon, and
more recently, widespread horizontal transmission of retrotrans-
posons has been inferred to occur in multiple plant species (61).
Pathogens, including viruses, were suggested to play a role in hor-
izontal transmission, and our data would be consistent with this
possibility.

Confirmation of encapsidation of host RNAs by VLPs and
CNYV particles. RT-PCR was conducted on selected encapsidated
CNV and VLP RNAs to confirm encapsidation and as a means to
assess the integrity of the RNA, as it is possible that only small
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23S rRNA

Cyto 18S rRNA
-1673 bp
(1901 nt)
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-1500 bp
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Mt 26S rRNA

3354 bp
(3405 nt)

2789 bp
(2809 nt)
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-3148 bp
(5938 nt)

1231 bp
(1375 nt)

4

M1 2 3 4

FIG 8 RT-PCR analysis of several pPCNVCPpBin(+)- and CNV-encapsidated host RNAs. RT-PCR followed by agarose gel electrophoresis was conducted on
each of the indicated cytoplasmic (Cyto), chloroplastic, or mitochondrial (Mt) RNA species detected in pPCNVCPpBin(+)- and CNV-encapsidated host RNAs
by NGS analysis to confirm the presence and assess the integrity of the RNA in RNase-treated VLPs or CNV particles (see Fig. 6 for the corresponding genes and
abbreviations). Lanes 1, total leaf RNA used as a positive control; lanes 2, pPCNVCPpBin(+) VLP RNA; lanes 3, WT CNV virion RNA; lanes 4; water used in place
of RNA as a negative PCR control; lanes M, molecular size markers. The sizes of the RT-PCR products are shown to the right of each gel, and the number in
parentheses below the size of the RT-PCR products indicates the size of the full-length transcript or that of the largest transcript recorded in the N. benthamiana
database. PCR primers are described in Table S1 in the supplemental material, and the transcript identifiers for each RNA are provided in Fig. S1 in the
supplemental material. The asterisk in the TY3-G Gag Pol gel highlights the 3,148-bp fragment for which primers were synthesized. This fragment was sequenced
and demonstrated to correspond to this gene. The GenBank accession numbers used to prepare the primers are as follows: AJ236016 for cytoplasmic 18S rRNA,
700044 for 23S rRNA, and BA000042 for mitochondrial 26S rRNA. Transcript identifiers from the N. benthamiana Sydney database are as follows:

Nbvtr56230855 for RbcL, Nbv5tr6274273 for A5BF11 Gag, and Nbvtrv56274272 for Ty3-G Gag Pol.

fragments of host RNA are encapsidated, as suggested on the basis
of the short read lengths obtained during standard deep sequenc-
ing analysis. Figure 8 shows that long cDNAs for cytoplasmic 18S
rRNA, chloroplast 23S rRNA, RbcL, mitochondrial 26S rRNA,
and two reference genes from Fig. 6 containing retrotransposon-
like features (A5BF11 and TY3-G Gag Pol) could be amplified.
The sizes of the cDNAs ranged from approximately 1,200 nt to
~3,300 nt, indicating that large portions of the RNAs are present
in VLPs and CNV virions. In the case of 18S rRNA, 23S rRNA,
RbcL, and mitochondrial 26S rRNA, the RT-PCR products corre-
spond to nearly full-length RNA. The CNV genome is ~4.7 kb,
and this would be expected to be the size for optimal encapsida-
tion. Previous work has shown that up to 5.4 kb of RNA can be
encapsidated by CNV (62) and that T=3 particles can encapsidate
RNAs as small as 2.1 kb (36). Thus, encapsidation of full-length
cytoplasmic 18S rRNA could likely be in T=3 particles produced
by the cytoplasmic 41-kDa protein. However, encapsidation of
23S rRNA and RbcL mRNA by cleaved chloroplast CP was not
expected since the fully cleaved stromally located protein is ex-
pected to be capable of producing only T=1 particles, as deduced
from previous studies of CNV mutants lacking the R domain (35—
37). The volume of a T=1 particle is expected to be able to accom-
modate RNA, which would be approximately 1 kb or less. Thus, it
is possible that the nearly full-length 23S rRNA and RbcL mRNA
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could correspond to RNA species that were encapsidated by full-
length CP following chloroplast breakage during infection or ar-
tifactually during the virus isolation procedure. The droplet digi-
tal PCR (ddPCR) analyses described below utilized primer sets
producing PCR products of only ~100 to 400 nt in length, so these
data are likely a more valid representation of the contribution of
host RNAs to virion RNA populations (Fig. 9).

CNV CP mRNA and TBSV p19 mRNA are efficiently encap-
sidated in pPCNVCPpBin(+)-agroinfiltrated plants. Viral RNAs
are believed to contain sequences and/or structures that are pref-
erentially recognized during virus infection to ensure efficient en-
capsidation of the genome and to reduce the possibility of encap-
sidation of host RNA, as described above. CNV CP mRNA and
TBSV p19 mRNA are encapsidated in pPCNVCPpBin(+) VLPs, on
the basis of the results of deep sequencing analysis (Fig. 5A), and
represent 2 of the 3 most abundantly encapsidated mRNAs. As
CNV or the closely related TBSV p19 mRNAs may contain se-
quences that promote assembly, we wished to investigate the en-
capsidation efficiency of CP mRNA with respect to that of TBSV
p19 mRNA and specific encapsidated host RNAs in pCNVCP-
pBin(+) VLPs. N. benthamiana plants were coagroinfiltrated with
PCNVCPpBin(+) and TBSV p19, and at 5 dpi leaves were ground
to a fine powder in liquid nitrogen. A portion of the material was
used to extract total leaf RNA, and the remaining portion was used
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A REE of specific host RNAs with respect to CNV CP mRNA in pCNVCPpBin(+) VLPs

Ratio of accumulation of
the indicated RNA in

Ratio of encapsidation of
the indicated RNA in

REE of the indicated RNA

Encapsidated total leaf RNA with virion RNA with respect | with respectto CNV CP | Average
RNA respect to CNV CP mRNA to CNV.CP mRNA mRNA (%) REE
Exp.1 Exp.2 Exp.1 EXpi2 Exp.1 EXp.2
TBSV p19 45 25 2.4 1.9 53.3% 76.0% 64.6%
Nuclear encoded
18S rRNA 48.7 8.6 0.2 0.19 0.41% 2.2% 1.3%
Chloroplastic
23S rRNA 22 21.3 1.25 47 5.7% 22.1% 13.9%
RbclL 26.5 53 14 3.35 5.3% 6.2% 5.7%
Mitochondrial
26S rRNA 225 24.6 0.27 0.96 1.2% 3.9% 2.6%
B REE of specific host RNAs with respect to CNV RNA in CNV virions
Ratio of accumulation of [ Ratio of encapsidation of L
the indicated RNA in the indicated RNA in |REE of the indicated RNA
Encapsidated total leaf RNA with virion RNA with respect with respect to WT Average
RNA respect to WT CNV RNA to WT CNV RNA CNV RNA (%) REE
G eajencoces Rep .1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2
18S rRNA 0.005 0.005 3 X106 7 X107 0.06% 0.014% 0.037%
PPI 0.0018 0.004 5X 107 1 X106 0.04% 0.02% 0.03%
Chloroplastic
23S rRNA 0.014 0.017 4 X106 2 X106 0.03% 0.01% 0.02%
RbclL 0.043 0.05 2 X104 8 X108 0.46% 0.16% 0.31%
Mitochondrial
26S rRNA 0.0032 0.0034 3 X106 2 X106 0.09% 0.06% 0.075%

FIG 9 REEs of specific host RNAs with respect to those of CNV CP mRNA in CNVCPpBin(+) VLPs or CNV RNA in WT CNV virions. ddPCR was conducted
to determine the absolute numbers of the indicated RNA species in total leaf RNA or virions from pCNVCPpBin(+)-agroinfiltrated leaves (A) or from
CNV-infected leaves (B). The primer sets used for ddPCR are described in Table S1 in the supplemental material. The REE was calculated as described in the text.
(A) Each experiment (Exp.) was conducted 2 times (i.e., the data were obtained from independent inoculations) and included 2 technical repeats (i.e.,
independent dilutions from the same reverse transcriptase reaction) per experiment, which were averaged and are presented here. (B) Data were obtained from
asingle CNV inoculation. Rep. 1 and Rep. 2, separate reverse transcription reactions from the same virion and total leaf RNA samples. The numbers are averages
for independent dilutions from the same reverse transcription reaction. PPI, peptidyl prolyl cis-trans isomerase, which was found to be encapsidated in CNV

particles (Fig. 6B).

for VLP purification. Purified VLPs were treated with RNase, and
then VLP RNA was extracted. Both VLP RNA and total leaf RNA
extractions utilized DNase I to remove any contaminating DNA.
ddPCR using gene-specific primers (see Table S1 in the supple-
mental material) was used to quantitate the number of CNV CP,
TBSV p19, or specific encapsidated host transcripts (Fig. 9A) pres-
ent in equivalent amounts of total leaf RNA and VLP RNA. The
following formula, previously used to estimate the relative encap-
sidation efficiency (REE) of viral RNAs (10), was used to deter-
mine the REE of CNV CP mRNA compared to that of cytoplasmic
TBSV p19 and 18S rRNA, chloroplastic 23S rRNA and the RbcL
transcript, and mitochondrial 26S rRNA as follows: the ratio of the
number of molecules of encapsidated host RNA of interest relative
to that of CNV CP RNA divided by the ratio of the number of
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molecules of encapsidated RNA species of interest in total leaf
RNA relative to that of CNV CP RNA. It was found that 18S rRNA,
23S rRNA, RbcL RNA, and 26S rRNA were encapsidated, on av-
erage, at only 1.3%, 13.9%, 5.7%, and 2.6% of the efficiency of
CNV CP mRNA, respectively (Fig. 9A), suggesting that the CNV
CP mRNA contains a site (or sites) that is relatively more effi-
ciently recognized by CNV CP for VLP assembly and, moreover,
that such a site or sites may serve as one or more of the nucleation
sites for assembly of CNV RNA during infection. This is a signif-
icant finding, since little is known about the CNV RNA sequences
involved in the specificity of viral RNA assembly. Interestingly, the
TBSV p19 mRNA was encapsidated at approximately 65% of the
efficiency of CNV CP mRNA. The nucleotide sequence of the
TBSV p19 OREF is highly similar (86% identical) to that of its
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homolog, CNV p20. The efficient encapsidation of TBSV p19
mRNA thus suggests that the CNV p20 ORF may also contain one
or more nucleation sites for CNV genomic RNA assembly.

Using the same method described above for encapsidation in
VLPs, we also examined the REE of specific host RNAs with re-
spect to that of CNV RNA in CNV virions. Figure 9B shows that
each of the host RNAs examined (i.e., 18S rRNA, peptidyl prolyl
cis-trans isomerase RNA, 23S rRNA, RbcL RNA, and 26S rRNA) is
encapsidated, on average, at a very low level in comparison to that
of CNV RNA, with relative encapsidation efficiencies ranging
from 0.02% for 23S rRNA to 0.31% for RbcL. This is consistent
with the low level of these RNAs in CNV virion RNA preparations
and further suggests that CNV genomic RNA contains sequences
that promote assembly specificity.

The notion that viral RNAs contain specific sequences and/or
structures that promote encapsidation is supported by our obser-
vation that CNV CP and TBSV p19 mRNAs are encapsidated
relatively more efficiently than other RNAs transcribed in
CNVCPpBin(+)-infiltrated plants. However, a variety of other
nonviral RNAs, including the major cellular rRNAs and numer-
ous host mRNAs, are also encapsidated, suggesting that encapsi-
dation can occur, albeit less efficiently, in the absence of these
specific viral RNA sequences. Nevertheless, the CNV virions pro-
duced during infection predominantly contain viral RNA. It is
interesting that the majority of host RNAs encapsidated in CNV
virions are chloroplast encoded. Nonspecific encapsidation of
chloroplast RNAs may occur in the absence of a functional repli-
case, as has been previously suggested for BMV (25, 48, 49),
whereas more specific encapsidation may occur in its presence in
the cytoplasm. Also, CNV is replicated within spherules derived
from peroxisomes in the cells of N. benthamiana (50). Should
encapsidation take place in the vicinity of replication, the predom-
inant RNA is likely to be viral RNA, and thus, virions would con-
tain a low level of host RNA species. It is likely that a number of
factors contribute to the specificity of CNV encapsidation, includ-
ing the presence of a high-affinity site(s) for CP binding (in the
CP- and CNV p20-coding regions) and the relative predominance
of viral RNA at the site of replication. Our data support both of
these hypotheses.

Encapsidation of sequences derived from retrotransposons or
retrotransposons that are likely amplified during infection sug-
gests that viral infection may promote genome evolution and also
contribute to the horizontal transmission of retrotransposons to
other naive hosts, thus influencing the evolution of these hosts as
well.
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